Regulation of the cell cycle and apoptosis are two eukaryotic processes required to ensure maintenance of genomic integrity, especially in response to DNA damage. The ease with which yeast, amongst other eukaryotes, can switch from cellular proliferation to cell death may be the result of a common set of biochemical factors which play dual roles depending on the cell's physiological state. A wide variety of homologues are shared between different yeasts and metazoans and this conservation confirms their importance. This review gives an overview of key molecular players involved in yeast cell-cycle regulation, and those involved in mechanisms which are induced by cell-cycle dysregulation. One such mechanism is autophagy which, depending on the severity and type of DNA damage, may either contribute to the cell's survival or death. Cell-cycle dysregulation due to checkpoint deficiency leads to mitotic catastrophe which in turn leads to programmed cell death. Molecular players implicated in the yeast apoptotic pathway were shown to play important roles in the cell cycle. These include the metacaspase Yca1p, the caspase-like protein Esp1p, the cohesin subunit Mcd1p, as well as the inhibitor of apoptosis protein Bir1p. The roles of these molecular players are discussed.
Introduction
The eukaryotic cell cycle encompasses an evolutionarily conserved sequence of events that occur in a growing cell to duplicate all of its components. These include not only the nuclear genome but all intracellular organelles, which are divided between the two daughter cells so that they are suitably equipped to repeat the replication process (Imoto et al., 2011; Nurse, 2000; Tyson and Novak, 2008) .
Cell-cycle regulation and apoptosis
The cell cycle of eukaryotic cells ensures maintenance of ploidy level and cell size (Imoto et al., 2011; Nasmyth, 1996) . Its regulation is essential for the orderly and timely progression of the cell-cycle phases (Hartwell and Weinert, 1989) . This is mainly dependent on a highly varied molecular set containing important regulatory motifs which are tightly regulated by complex transcriptional controls mainly at the G1-S and G2-M stages of the cell cycle (Glotzer et al., 1991; Kaizu et al., 2010; Mendenhall and Hodge, 1998; Nasmyth, 1996; Pines, 1999) .
Cyclin-dependent kinases (CDKs) are a group of serinethreonine protein kinases essential in controlling the alternation between DNA synthesis and DNA segregation during the cell cycle (Kaizu et al., 2010) . The highly conserved Saccharomyces cerevisiae CDC28 is implicated in both G1-S and G2-M transitions (Harashima et al., 2013; Mendenhall and Hodge, 1998) similar to the CDK Cdc2p in Schizosaccharomyces pombe (Harashima et al., 2013; Mendenhall and Hodge, 1998) .
CDK activity is highly dependent on the periodic succession of different combinations of CDK-cyclin complexes during the various phases of the cell cycle (Kõivomagi et al., 2011) . When complexed to CDKs, cyclins impart substrate specificity and enable the complex's correct sub-cellular localisation (Gazitt and Erdos, 1994 Kõivomagi et al., 2011) . Orderly cyclin expression and degradation are necessary for CDKs to tightly control cell-cycle progression. Furthermore, the unidirectionality of the cell cycle ensures fidelity between successive generations by checking that a particular phase of the cell cycle is complete prior to initiation of a new subsequent phase, thereby preventing the formation of genetically defective cells (King and Cidlowski, 1998) . This is brought about by the correct transcriptional control that regulates cyclin synthesis, as well as the timely ubiquitin-mediated degradation of protein substrates, mainly cyclins or CDK inhibitors, via the anaphase promoting complex (APC) or the Skp, Cullin, F-box containing complex (SCF) (as reviewed by Vodermaier, 2004) .
In addition, activity of CDKs may also be affected by their phosphorylation at specific amino acid residues (Espinoza et al., 1998) . CDK-activating kinases (CAKs) facilitate substrate binding by opening up the protein substrate binding region and hence increasing the number of contacts between the CDK and the cyclin (Russo et al., 1996) . The budding yeast CAK, Cak1p, is dissimilar to the relatively similar and homologous mammalian and fission yeast CAKs (Damagnez et al., 1995; Espinoza et al., 1996) . Contrary to the function of cyclins and CAKs, cell-cycle regulation can also be brought about by inhibition of CDK activity through cyclindependent kinase inhibitors (CKIs) or other inhibitory protein kinases. The most studied CKI in budding yeast is Sic1p (Mendenhall and Hodge, 1998) , whereas the only CKI in fission yeast is Rum1p (Moreno and Nurse, 1994) . Both Sic1p and Rum1p show weak similarities in their inhibitory domains (Sánchez-Diaz et al., 1998) . The inhibitory protein kinases Swe1p and Wee1p in budding and fission yeast respectively (Asano et al., 2005; Perry and Kornbluth, 2007; Stark and Taylor, 2004) phosphorylate CDKs in response to incomplete DNA synthesis, unrepaired DNA damage, bud formation failure or other unfavourable intrinsic conditions, causing the G2-M checkpoint to be activated by arresting the cell cycle prior to mitosis (Liu and Kipreos, 2000; O'Connell et al., 2000) .
Any failure associated with cell-cycle regulation may result in the uncontrolled proliferation of cells (Evan and Vousden, 2001 ).
To mitigate for such eventualities, organisms have evolved programmed cell death (PCD), which is another highly conserved mechanism whereby they eliminate defective or excess cells in an orderly manner without eliciting an immune response (Madeo et al., 2002a; Pucci et al., 2000; White and McCubrey, 2001) .
Programmed cell death, such as apoptosis, is an effective way for cells to commit suicide in response to key apoptotic signals (King and Cidlowski 1998; White and McCubrey, 2001) . In unicellular organisms, the scope of apoptosis in offsetting any imbalance in cell-cycle progression may be less obvious than in multicellular organisms. Regardless of being unicellular, it is known that yeast cells naturally co-exist in colonies and have the ability to form biofilms when nutrients are depleted (Váchová and Palková, 2005; Zara et al., 2002) . Therefore, apoptosis may be a good mechanism to clear old, infertile or otherwise damaged yeast cells. In addition, it redistributes nutrients from chronologically aged or stressed cells to young, healthier cells, thereby increasing their odds of survival (Büttner et al., 2006; Herker et al., 2004; Knorre et al., 2005) . Apoptotic triggers in yeast may be both exogenous (including reactive oxygen species (ROS), pheromones, heavy metals and drugs) as well as endogenous (including ageing and mutations which cause mitotic catastrophe and replication failure) (Carmona-Gutierrez et al., 2010; Madeo et al., 2002a) . Concurrent incompatible signals for proliferation and cell-cycle arrest may also induce apoptosis (Yonish-Rouach et al., 1993) .
Checkpoints biochemically link the cell cycle to apoptosis
Many authors have suggested the use or control of a shared set of biochemical factors which interconnect cell-cycle regulation to apoptosis at cell-cycle checkpoints (Alenzi, 2004; King and Cidlowski, 1995; Madeo et al., 2002a; Pearce and Humphrey, 2001; Weinberger et al., 2003) . Even before such common factors were identified, cytologists had already observed common morphological features in apoptotic and mitotic cells (Alenzi, 2004; King and Cidlowski, 1995; Pucci et al., 2000) . During both cellular events, cells lose substrate attachment, become more rounded and decrease their cell volume. In addition, in both cases, cells display membrane blebbing and show chromatin condensation (Alenzi, 2004; Pucci et al., 2000) , though the latter may be easily distinguished microscopically between apoptotic and mitotic events by means of 4 , 6-diamidino-2-phenylindole dihydrochloride (DAPI) staining, due to the characteristic nuclear morphological features of apoptotic cells (Clifford et al., 1996; Madeo et al., 1997) . Also, mitotic and apoptotic cells show further distinct differences. Apoptotic cells display degraded DNA and by the end of the apoptotic process, the cellular fragments form apoptotic bodies which are subsequently phagocytosed by adjacent cells or macrophages (Platt et al., 1998) . On the other hand, mitotic cells show segregated and intact DNA and the mitotic process terminates by cytokinesis, resulting in two healthy and viable daughter cells (Pucci et al., 2000) . This means that both processes may initially be triggered and controlled by similar mechanisms which then diverge depending on the cell's physiological state.
A wide array of players are involved at cell-cycle checkpoints to decide the cell's fate by arresting cell-cycle progression until the cellular damage is repaired or until conditions are made favourable once again. If these two requirements are not satisfied, the cell is eliminated by apoptosis to ensure the demise of defective cells (King and Cidlowski, 1998) . In fact, checkpoint-implicated components, such as CDKs, were also shown to be involved in the apoptotic response (Harbour and Dean, 2000; Pucci et al., 2000) . This facilitates the tight control of cell death in cells defective in cell-cycle regulation (King and Cidlowski, 1995) , particularly since the apoptotic machinery is readily available throughout the cell cycle to be employed whenever necessary (Alenzi, 2004; King and Cidlowski, 1995) . For example, cells which contain abnormal levels of cellcycle proteins due to the deregulation of cell-cycle genes, trigger apoptosis (King and Cidlowski, 1995) . Various studies have shown that essential apoptotic regulatory machinery has a role in cellcycle control. This includes the yeast metacaspase protein Yca1p (Lee et al., 2008) , Bir1p which is the yeast inhibitor of apoptosis protein (IAP) (Li et al., 2000; Owsianowski et al., 2008; Ren et al., 2012) , and Nuc1p, the yeast homologue of endonuclease G (Burhans and Weinberger, 2007) .
1.1.2. Yeast: a suitable alternative to transformed eukaryotic tissue cultures in studies on cell-cycle regulation and apoptosis
Model systems have proved to be useful to understand complex regulatory pathways and networks which are involved in complex diseases by studying conserved genes, proteins and pathways, as well as by heterologous expression when orthologues are absent (Botstein and Fink, 2011; Mager and Winderickx, 2005; Petranovic et al., 2010; Simon and Bedalov, 2004) . Most studies which link apoptosis to cell-cycle regulation were carried out in transformed mammalian cell lines (Alenzi, 2004) . Although these models have yielded valuable information about these two processes, transformed cell lines are in their own nature defective in cell-cycle regulation and as a result may show altered apoptotic pathways (King and Cidlowski, 1995) . Hence, caution must be exercised when making inferences from such studies.
Yeast, on the other hand, is a widely used eukaryotic model organism due to its numerous practical benefits (Petranovic et al., 2010) . It is very easy to handle since it has relatively simple and cheap growth requirements and together with its rapid cell division and subsequent short generation time, is easily cultivated in large populations (Mager and Winderickx, 2005; Nurse, 2000; Simon and Bedalov, 2004) . Despite being phylogenetically distant from humans, yeast and humans share conserved key regulatory elements (Petranovic et al., 2010) . In fact, several studies have employed yeast to better understand basic cellular and molecular processes including cell-cycle control (Forsburg and Nurse, 1991; Hartwell et al., 1970; Hartwell, 2002; Nurse, 2002) and PCD (Kazemzadeh et al., 2012; Madeo et al., 1997; Madeo et al., 1999 Madeo et al., , 2002a Madeo et al., , 2004 Owsianowski et al., 2008; Weinberger et al., 2003) in higher eukaryotes. Yeast has greatly aided our understanding of mitochondrial-mediated apoptosis. However, it also has its limitations because yeast regulators of the extrinsic apoptotic pathway have not yet been identified (Sharon et al., 2009; Mollinedo, 2012) .
In addition, one of the most important benefits of using yeast is that studies are performed in vivo (Petranovic and Nielsen, 2008; Petranovic et al., 2010; Simon and Bedalov, 2004) . Yeast has proved to be a very simple and powerful tool for eukaryotic systems biology studies, the results from which can be extrapolated to more complex mammalian systems (Petranovic et al., 2010; Simon and Bedalov, 2004) . As a result, yeast is a good model for studying complex human disorders from a broader perspective (Petranovic et al., 2010) .
Here we consider the effect of key molecular players on cellcycle regulation which are pertinent to the decision of living or dying in the wake of stressful conditions in yeast.
The decision between living and dying
Cell-cycle regulation dysfunction is usually a result of, or results in cellular lesions, particularly DNA damage Lydall and Weinert, 1996; Shirahige et al., 1998) . At checkpoints, cells suffering of cell-cycle dysregulation have the opportunity of arresting and making important life-and-death decisions via various mechanisms of the DNA damage response (DDR) (Zhou and Elledge, 2000) . This coordinates many processes which safeguard the integrity of the genome including DNA repair, cell-cycle regulation and transcription of DDR genes (Ljungman, 2010; Vessoni et al., 2013) . In addition, when repair is impossible, propagation of mutated cells is avoided by inducing apoptosis which is another important DDR process (Czarny et al., 2015) . Studies are now also considering autophagy as another DDR mechanism which plays a dual role by contributing to or preventing cell death in response to DNA damage (Vessoni et al., 2013) .
2.1. Autophagy is a mechanism which may contribute towards making life-and-death decisions in response to cellular stress including DNA damage Autophagy is a highly conserved catabolic pathway, triggered by any form of cellular stress or cause of cellular damage (Shintani and Klionsky, 2004; Takeshige et al., 1992) . It attempts to sequester and degrade excess, defective, damaged or toxic cytoplasmic contents and/or organelles, via a mechanism which is yet not fully understood (Nakatogawa et al., 2009) . Cellular stress may include genotoxic stress, nutrient deprivation, redox stress and ageing, environmental toxins and pathogens as well as organelle damage (Nakatogawa et al., 2009; Zhang, 2013) . Thus autophagy is a key cellular mechanism involved in various physiological and pathological processes in eukaryotes (Shintani and Klionsky, 2004) .
Genetic perturbations arising from cell-cycle dysregulation trigger autophagy via the action of various proteins. Two essential protein classes involved in autophagy include autophagy-related proteins (ATG proteins) (Klionsky et al., 2003; Takeshige et al., 1992) and target of rapamycin proteins (TOR), of which two are present in budding yeast, namely, Tor1p and Tor2p (Fingar and Blenis, 2004; Heitman et al., 1991; Schmelzle and Hall, 2000) .
The DNA damage checkpoint in budding yeast induces autophagy in a Mec1p/Rad53p-dependent manner (Eapen et al., 2015) . Autophagy is regulated both at the transcriptional level by Rad53p-dependent transcriptional upregulation of ATG genes as well as at the post-translational level by modification of ATG proteins (Eapen et al., 2015) .
On the other hand, TOR proteins are important negative regulators of autophagy through their function in the TOR pathway (Noda and Ohsumi, 1998; Schmelzle and Hall, 2000) . This pathway incorporates both TOR proteins and ATG proteins and is crucial (ii) DNA damage may cause mutations in checkpoint rad proteins and/or in proteins involved in DNA replication initiation, as well as the simultaneous deletion of checkpoint kinases. Such protein defects lead to deficient checkpoints, thereby cells enter M-phase prematurely with damaged DNA or incompletely replicated DNA, causing ROS generation, mitotic catastrophe, and subsequently PCD. ATG, autophagy-related; PCD, programmed cell death; rad, radiation-sensitive; ROS, reactive oxygen species; TOR, target of rapamycin.
in the DNA damage response as well as in regulating cell growth in response to cellular nutrient conditions (Barbet et al., 1996; Cardenas et al., 1999; Klionsky, 2005) . Under such conditions, loss of TOR signalling promotes the assembly of the Atg1p kinase complex. This promotes further recruitment and release of other ATG proteins which together form the pre-autophagosomal structure thereby initiating the formation of the autophagosome (Cheong and Kliosnky, 2008) (Fig. 1(i) ). Vessoni et al. (2013) hypothesise that the decision of whether autophagy cooperates with, or protects from cell death in the presence of DNA damage may be a function of the identity of the targets to be degraded as well as the intensity by which autophagy is activated, which in turn is a reflection of the severity and/or type of genomic damage. Eapen et al. (2015) recently stated that cells inflicted with a single double-strand break resorted to autophagy and this phenomenon was sensitive to the amount of DNA damage inflicted. Additionally, Yu et al. (2006) suggest that cargo specificity in autophagosomes may decide between life and death. The authors observed that when they varied the cellular level of catalase via autophagy, ROS levels varied, having an impact on the cellular oxidative state and ultimately deciding the cell's fate.
Autophagy mediates the response towards cell survival
Inhibition of autophagy in cells suffering from DNA damage caused the cells to die by apoptosis (Boya et al., 2005) . This shows that autophagy is a process implicated in preventing cell death in cells suffering from DNA damage, thereby having a protective and a pro-survival role. Furthermore, Dyavaiah et al. (2011) have shown that following DNA damage in yeast, inhibition of TOR signalling and subsequent induction of autophagy, promoted both packaging of the damage response protein Rnr1p (ribonucleotide reductase 1) and its targeted migration to the vacuole for degradation. Rnr1p is responsible for catalysing the conversion of nucleotides to deoxynucleotides. Thus, the decrease in soluble Rnr1p levels, limits de novo DNA synthesis due to a low abundance of deoxynucleotides (Dyavaiah et al., 2011) . Defects in autophagy result in an increase in soluble Rnr1p levels which promote unbalanced dNTP pools, giving rise to the occurrence of replication stress and gene amplification which are characteristic phenotypes of DNA damage and mutagenesis (Dyavaiah et al., 2011; Vessoni et al., 2013) .
Autophagy plays a pivotal role in maintaining nuclear and mitochondrial genomic integrity by coupling cell growth with cell division (Dotiwala et al., 2013; Matsui et al., 2013) , particularly since autophagy deficiency was shown to cause defects in cell growth and leads to abnormal mitosis associated with a higher incidence of aneuploidy (Matsui et al., 2013) . A G2-M cell-cycle arrest is associated with DNA damage. In fact, it was observed that in S. cerevisiae, a single double-strand break causes a G2-M arrest by hyperactivating a specific type of autophagic process known as CVT (cytoplasm-to-vacuole) . This selective type of autophagy targets and degrades the chaperone securin Pds1p, normally implicated in the nuclear entry of the cytoplasmic separase, Esp1p prior to metaphase (Dotiwala et al., 2013) (Fig. 2 (ii)). Esp1p is required to bring about the proteolytic cleavage of the cohesin subunit Mcd1p, and its subsequent dissociation from sister chromatids such that these can separate during anaphase (Uhlmann et al., 1999) (Fig. 2(i) ). Thus, autophagy-mediated degradation of Pds1p prevents Esp1p from entering the nucleus and from bringing about the onset of anaphase, and hence is key for cell-cycle arrest at G2-M until DNA is repaired (Dotiwala et al., 2013) (Fig. 2(ii) ).
DNA damage resulting from both exogenous and endogenous sources may also lead to an increase in intracellular ROS generation in both DNA-repair proficient as well in DNA repair-deficient S. cerevisiae strains (Rowe et al., 2008) . The oxidative stress response to any type of DNA damage is mainly activated by the transcription factor Yap1p (Yeast AP-1), but other transcription factors also aid oxidative stress recovery, namely, Skn7p (homologous to Prr1p in fission yeast), Msn2p and Msn4p. Rowe et al. (2008) showed that the intracellular increase in ROS in response to DNA damage is not directly related to cell death. This observation may be explained by the intervention of DDR processes including autophagy which rescues cells suffering of stress. Autophagy may be important to decrease cellular oxidative stress by eliminating damaged proteins, and more importantly to clear reactive oxygen species-generating organelles such as mitochondria in a specific process known as mitophagy (Yu et al., 2006; Zhang, 2013) . In doing so, ROS levels are controlled and thus cannot bring about excessive oxidative damage to proteins, lipids as well as to nucleic acids (as reviewed in Farrugia and Balzan, 2012) .
The importance of mitochondria in relation to cross-talk between cell-cycle regulation, apoptosis and autophagy has long (ii) DNA damage sensed prior to metaphase induces hyperactivation of CVT autophagy which degrades cytoplasmic Pds1p, thereby preventing binding of Pds1p to Esp1p. This prevents the nuclear entry of Pds1p and Esp1p needed to bring about the onset of anaphase. As a result, the cell arrests at G2-M. (iii) Apoptotic triggers such as ROS (e.g. H2O2) or DNA damage cause improper APC activation leading to the degradation of Pds1p in the nucleus. This degradation liberates Esp1p which mediates cleavage of the C-terminal of Mcd1p. The truncated Mcd1p is then translocated from the nucleus to the mitochondria as an apoptotic signal. This results in the release of cytochrome c and loss of mitochondrial membrane potential. Cytochrome c release is associated with the activation of the yeast metacaspase that effects apoptosis. APC, anaphase-promoting complex; CVT, cytoplasm-to-vacuole; ROS, reactive oxygen species.
been hypothesised (Lemasters et al., 1998) . This is so since inhibition of mitophagy and consequent damage retention acts as a source of pro-apoptotic signals which in turn trigger apoptosis (Boya et al., 2005) . Cells with damaged mitochondria such as respiratory defects in complex II (succinate dehydrogenase), show low ATP levels and high ROS levels accompanied by oxidative stress causing a delay in cell-cycle progression (Byun et al., 2008) . This delay in cell-cycle progression results in reduced cell growth and proliferation which can be reversed by elevating glutathione (GSH) (Byun et al., 2008) .
Autophagy may contribute to programmed cell death
When cells are exposed to severe genotoxic stress, autophagy exhibits an alternative solution as part of the DDR. As a last resort, autophagy may mediate PCD when the cell cannot be rescued, the regulation of which is still being studied (Czarny et al., 2015) . Autophagy or its molecular players may enhance caspase activation G Model MAD-10872; No. of Pages 14 (Ojha et al., 2015) , degrade catalase and promote oxidative stress (Yu et al., 2006) , promote degradation of anti-apoptotic proteins and/or promote degradation of DNA repair proteins (Robert et al., 2011) , thus facilitating cell death (Zhang et al., 2015) .
Many of the proteins involved in the DDR are posttranslationally modified. Acetylation via histone acetyltransferases (HATs) and histone deacetylases (HDACs) is one such modification which promotes degradation of certain pro-survival signalling proteins through autophagy (Robert et al., 2011) . Sae2p is a protein implicated in repairing double-strand breaks in budding yeast, and needs to be inactivated once DNA repair is complete or when DNA damage is so severe that repair is impossible. One such occurrence is when yeast cells are treated with valproic acid − an HDAC inhibitor. HDAC inhibition induces cell-cycle arrest at the G2-M DNA damage checkpoint and promotes autophagic degradation of acetylated Sae2p (Dotiwala et al., 2013; Robert et al., 2011; Vessoni et al., 2013) . Hence, in this case, autophagy activation contributes to cell death signalling by impairing double-strand break repair, thereby preserving DNA damage which further increases apoptotic signalling until the cell is no longer viable and capable of producing mutant progeny (Vessoni et al., 2013) .
Choosing death over life may be advantageous
Defects in autophagy may lead to the accumulation of ubiquitinated, mutated and unfolded proteins which can be toxic and manifest in ageing or in disease, particularly degenerative diseases (Kroemer and White, 2010) . Studies whereby the autophagy proteins Atg5p and Atg7p were knocked out in brain cells of mice, showed accumulation of aggregation-prone proteins implicated in the pathogenesis of neurodegenerative diseases (Hara et al., 2006; Komatsu et al., 2006) . Also, as shown in human breast carcinoma cell lines, defects in autophagy may further facilitate the accumulation of oncogenic mutations and promotion of tumorigenesis, as well as oxidative stress (Aita et al., 1999; Karantza-Wadsworth et al., 2007) . This takes place due to the cells' inability to sustain metabolism, and to the accumulation of damaged organelles (particularly mitochondria) and oxidised macromolecules (Levine and Klionsky, 2004; Chen and Karantza, 2011) . A higher incidence of lymphoma, lung cancer and liver cancer was observed in mice with a disrupted BECN1 gene (homologous to Atg6p in budding yeast), due to their inability to initiate autophagy (Qu et al., 2003; Yue et al., 2003) . This confirms the tumour-suppressing role of autophagy. It suggests that when autophagic mechanisms fail and DNA damage cannot be repaired, cells employ apoptotic and other cell death mechanisms to ensure that the cell does not propagate defective progeny which, if left uncontrolled, may give rise to neoplasia (Hanahan and Weinberg, 2011) . However, in established tumours, autophagy may serve as an adaptive stress response mechanism which promotes cancer cell survival and proliferation by maintaining energy production, hence further promoting tumour growth (Degenhardt et al., 2006; Yang et al., 2011) .
The complex interplay between components of the cell cycle and the apoptotic machinery in yeast
The cross-talk between cell-cycle regulation and apoptosis is vital. Premature or inappropriate entry into mitosis due to checkpoint deficiency in cells with damaged DNA, results in aberrant chromosomal segregation leading to mitotic catastrophe (Molz et al., 1989; Castedo et al., 2004; Kroemer et al., 2009 ). This mitotic failure, which in mammals is an oncosuppressive mechanism, is not a cell death mechanism per se but facilitates PCD in cells containing irreparable DNA damage which may give rise to defective progeny cells if not eliminated (Galluzzi et al., 2012) . In fact, Vitale et al. (2011) showed that suppression of mitotic catastrophe and apoptosis is implicated in the onset of oncogenesis. A plausible explanation for this is that genetically defective cells are able to proceed with aberrant cell division by dividing asymmetrically and generating aneuploid cells (Castedo et al., 2004) .
PCD is an orderly process of cell elimination in response to both intracellular and extracellular insults (as reviewed in Farrugia and Balzan, 2012) . Its highly regulated nature is important to cause cell death only when necessary and its regulatory networks are linked to cell-cycle control (Motizuki et al., 1995) , mitochondrial metabolism (as reviewed in Eisenberg et al., 2007) , lipotoxic processes (Garbarino et al., 2009; Pei Low et al., 2008) as well as epigenetics (Ahn et al., 2005a (Ahn et al., ,b, 2006 . There are various PCD pathways and death by any one of these pathways is usually a factor of the physiological state of the cell. Apoptosis is one such conserved cell death pathway. Key morphological features of apoptotic cells include pyknosis (chromatin condensation), reduction of cellular volume, plasma membrane blebbing followed by karyorrhexis (nuclear fragmentation) and formation of apoptotic bodies (Madeo et al., 1997) . A conspicuous biochemical feature is the externalisation of the cell surface marker phosphatidylserine (Bratton et al., 1997; Madeo et al., 1997) .
Apoptosis is mediated by two signalling pathways, namely the extrinsic (death receptor-induced) pathway and the intrinsic (mitochondrial signalling) pathway. Intracellularly-generated death signals such as DNA damage, oxidative stress and starvation induce apoptosis via the intrinsic pathway.
The key players involved in yeast apoptosis which play a role in the mitotic cell cycle
Central to the interplay between cellular life and death are molecular players involved in various cellular pathways implicated in cellular proliferation and cell death. The intimate link between such pathways is evident in the ability of cells to arrest the cell cycle at specific points in response to various apoptogenic insults and subsequently promote cell death (Coquelle et al., 2006) (Fig. 3) .
Cells are able to link the cell cycle and apoptotic pathways by eliminating target cell-cycle proteins via caspase proteases (in metazoans) or caspase-like proteases (in yeast) and proteasomes such that DNA replication and DNA repair cannot proceed (as reviewed in Earnshaw et al., 1999) . The degradation of checkpoint proteins involved in inhibiting CDKs cause a deficiency in cell-cycle checkpoints, thereby promoting DNA damage and further activation of the apoptotic pathway (Weinberger et al., 2005) .
On the other hand, in caspase-independent apoptotic pathways, functional mitochondria are essential since these organelles are the source of a wide array of apoptogenic factors conserved across kingdoms . The S. cerevisiae genes which code for these factors are AIF1 , NUC1 (pnu1 in S. pombe) (Burhans and Weinberger, 2007; Büttner et al., 2006) and NMA111 (SPBC1685.05 in S. pombe) (Fahrenkrog et al., 2004) . The latter serine-protease acts on the IAP protein Bir1p (Huang et al., 2005; Walter et al., 2006) . Thus, it is clear that even in simple eukaryotic organisms such as budding and fission yeasts, cell death can be mediated via several redundant pathways (Burhans and Weinberger 2007) .
Caspase-like proteases
In budding yeast, a metacaspase analogous to the mammalian caspases, was identified and named Yca1p (Madeo et al., 2002b) . Its role in mediating cell death was shown by Madeo and co-workers The budding yeast anti-apoptotic protein Bir1p having three baculovirus IAP repeat domains is also involved in activating the spindle assembly checkpoint in a normal cell cycle 6 . Cdc6p inhibits mitotic CDK activity to promote mitotic exit. It also functions in G1-S phase to initiate replication. This is prevented by the destruction of Cdc6p in the presence of DNA damage, causing the cells to progress into mitosis with unreplicated DNA leading to mitotic catastrophe 7 . CDK, cyclin-dependent kinase; IAP, inhibitor of apoptosis protein; ORC, origin recognition complex.
1 Lee et now known that Yca1p-mediated cell death generates ROS which further relays the apoptotic signal (Madeo et al., 2002b) . In 2005, Weinberger et al. showed that mutations in DNA replication initiation proteins attenuated DNA replication and checkpoints, and the budding yeast cells exhibited metazoan-like features of apoptosis, including production of ROS and activation of Yca1p. In fact, the temperature-sensitive orc2-1 mutation, also important to initiate binding of chromatin at replication origins, is able to mediate uncoupling of DNA replication from the cell cycle to activate Yca1p-dependent apoptosis. Consequently, the orc2-1 mutation also inhibits cell-cycle checkpoints that depend on DNA replication forks to stop cell-cycle events (Shimada et al., 2002; Shirahige et al., 1998) . These orc2-1-dependent events induce ROS and activate Yca1p together with a Rad53p-dependent response to DNA damage (Weinberger et al., 2005) .
In addition to its caspase-like activity, Yca1p has also exhibited non-death roles including effects on cell-cycle progression and growth. Lee et al. (2008) carried out DNA content analysis of yca1 against wild-type which showed that Yca1p accelerated the G1-S transition and slowed the G2-M transition (Fig. 3) . Furthermore, the Yca1p catalytic inactivation by mutation of the catalytic cysteine at position 297 (YCA1-C297A) disabled it from mediating cell death (Madeo et al., 2002b) and allowed researchers to study other potential roles. This mutation induced a longer G1-S transition in budding yeast cells, hence attenuating growth in fermentation conditions, possibly by interacting with the Yca1p targets and limiting their respective proliferative activity (Lee et al., 2008) . In addition, yeast cells lacking the proteolytic activity of Yca1p have shown the inability to arrest during nocodazole treatment (Lee et al., 2008) . Nocodazole is an anti-microtubule agent which interferes with microtubule dynamics and arrests the cell-cycle at G2-M. However, in the absence of Yca1p's catalytic activity, the G2-M DNA damage checkpoint which should have been induced by nocodazole treatment, was not activated and the cell cycle proceeded uninterruptedly indicating that Yca1p has a role in the G2-M checkpoint. This is parallel to the various non-death functions of caspases in mammalian cell lines including cell-cycle progression and proliferation (Gilot et al., 2005) , cell migration (Li et al., 2007) and differentiation (Fernando et al., 2005) .
Cell death in yeast may also be brought about in a YCA1-independent manner via the activity of proteasomes and of caspase-like proteases (as reviewed by Wilkinson and Ramsdale, 2011) . The separase Esp1p also has a caspase-like protease activity which links the cell cycle and apoptotic pathways (Baskerville et al., 2008; Yang et al., 2008) (Fig. 3) . The protein sequence at the conserved proteolytic sites of separase is highly similar to that of human caspase-1 (Uhlmann et al., 2000) . Furthermore, this similarity extends to their proteolytic activity. In fact, the proteolytic activity of Esp1p was inhibited in the presence of a caspase-1 inhibitor . In addition to Esp1p's role in the onset of anaphase (as described in Section 2.1.1), Yang et al. (2008) have shown that induction of apoptosis by H 2 O 2 liberates Esp1p from Pds1p the proteolysis of which is mediated by the Cdc20p-activated APC (Fig. 2(i) ). The activated Esp1p acts as a caspase-like protease to mediate cleavage of Mcd1p. In the presence of apoptotic triggers, the C-terminal of Mcd1p is further cleaved and the truncated Mcd1p is translocated from the nucleus to the mitochondria, acting as a nuclear signal for apoptosis. This causes the release of cytochrome c prior to a decrease in mitochondrial membrane potential and further amplification of cell death signalling via increased cytochrome c release from the mitochondria (Fig. 2(iii) ). In metazoans, the resultant cytosolic cytochrome c binds to the multimeric APAF1 (apoptosis protease-activating factor 1) complex and forms a large multiprotein structure known as the apoptosome in the presence of ATP. The apoptosome is key to bringing together molecules such as the initiator caspase-9, enabling its auto-activation, which in turn activates downstream effector caspases such as procaspase-3 . Similarly, in yeast, the release of cytochrome c from the mitochondria is associated with the activation of the yeast metacaspase Yca1p and generates ROS production to induce apoptosis (Ludovico et al., 2002) (Fig. 2(iii) ). However, no homologues of the mammalian APAF1 or other functionally-related proteins have been identified in yeast (Carmona-Gutierrez et al., 2010; Guaragnella et al., 2012) .
Another pro-apoptotic protease is Nma111p, the nuclear yeast homologue of the mitochondrial serine protease HtrA2/Omi in mammals (Belanger et al., 2009; Fahrenkrog et al., 2004) . Its serine protease activity is implicated in the induction of yeast cell apoptosis in a caspase-independent manner by aggregating in the nucleus and bringing about the proteolysis of the apoptotic inhibitor Bir1p, thereby promoting apoptosis. This activity is homologous to the function of HtrA2/Omi in mammals which antagonizes an IAP in the mitochondria that inhibits downstream caspases known as Xlinked inhibitor of apoptosis protein (XIAP) .
Bcl-2-like proteins
In addition to caspases, proteins belonging to the Bcl-2 family are also critical metazoan apoptotic regulators characterised by the four BH domains. Pro-apoptotic (e.g. Bax, Bak, Bad), BH3-only pro-apoptotic (e.g. Bik, Bid, Bim) and anti-apoptotic (e.g. Bcl-2, Bcl-xL) Bcl-2 proteins exert their actions directly on the outer mitochondrial membrane to regulate mitochondrial permeability (Chipuk et al., 2006) . More recently, Chipuk et al. (2012) have suggested that mitochondria use sphingolipid metabolism to coordinate the activation of Bak/Bax to promote mitochondrial outer membrane permeabilisation and subsequent apoptosis. Despite the importance of Bcl-2 proteins in regulating metazoan cell death, no apparent homologues of these proteins are present in yeast, yet these have been able to retain their activity when ectopically expressed in yeast cells (Komatsu et al., 2000 Polčic et al., 2015 .
Pro-apoptotic Bcl-2 proteins in mammals commit the cell to apoptosis (Gross et al., 1999) either by regulating the formation of mitochondrial apoptosis-induced channels (MACs) in the outer mitochondrial membrane (Martinez-Caballero et al., 2005; Pavlov et al., 2001) or by controlling the opening of the mitochondrial permeability transition pore (PTP) in the inner mitochondrial membrane (Jung et al., 1997) . Both mechanisms are responsible for membrane permeabilisation to allow the release of apoptogenic factors into the cytosol (Kinnally and Antonsson, 2007) . On the other hand, the anti-apoptotic Bcl-2 proteins antagonise the permeabilisation of the outer mitochondrial membrane (Susin et al., 1996) . Also, Mazel et al. (1996) showed that anti-apoptotic Bcl-2 proteins may be exerting their anti-apoptotic activity by regulating the kinetics of cell-cycle progression in mammalian cell lines. This was confirmed in a number of subsequent studies (Janumyan et al., 2003; O'Reilly et al., 1996; Vairo et al., 1996; Zinkel et al., 2006) .
A Bcl-2-like budding yeast protein which has shown similar anti-death activities of human Bcl-2 and Bcl-xL is Fis1p; but it has not yet been implicated in cell-cycle regulation in yeast. Fis1p is a component of the machinery required for mitochondrial division in yeast during normal growth, together with Dnm1p and Mdv1p (Fannjiang et al., 2004; Zhang et al., 2012) . In response to stress, cyclin C translocates from the nucleus to the cytoplasm where it is required for Mdv1p recruitment to the mitochondria and increases Mdv1p's association with Dnm1p in a Fis1p-independent manner. This enhances mitochondrial hyperfission, which may lead to subsequent cell death. In addition, the nucleus-to-cytoplasmic translocation of cyclin C enables the transcription of several stress-response genes (Cooper et al., 2014) . Furthermore, Fis1p is implicated in long-term cell survival since the deletion of FIS1 in yeast increased their sensitivity to multiple death stimuli, including acetic acid (Kitagaki et al., 2007) and H 2 O 2 (Palermo et al., 2007) . The de novo deletion of budding yeast FIS1 selects for chromosomal abnormalities and mitochondrial deficits, but does not immediately result in sensitivity to cell death. This sensitivity is only brought about by the concomitant induction of a compensatory mutation in the stress-response gene WHI2 which sensitises cells to death and causes growth control defects (Cheng et al., 2008) .
The yeast protein Ybh3p, containing a BH3-only domain which functionally resembles pro-apoptotic members of the mammalian Bcl-2 proteins, was recently identified (Büttner et al., 2011) . Similar to mammalian Bax, Ybh3p translocates from the cytoplasm to the mitochondria, triggering loss of mitochondrial membrane potential, ROS accumulation and subsequent cell death.
Nuc1p
The yeast homologue of metazoan EndoG is the mitochondrial endonuclease Nuc1p which is the best conserved yeast homologue amongst the other apoptotic regulators that have been characterised to date . Deletion mutants of NUC1 were rescued from apoptotic cell death and showed greater viability and fewer apoptotic phenotypes when mitochondrial respiration was increased . However, when oxidative phosphorylation was repressed, deletion mutants of NUC1 enhanced necrotic cell death, indicating that Nuc1p may protect from, or sensitise yeast cells to cell death in a mitochondrial respirationdependent manner. On the other hand, overexpression of NUC1 led to a steady decline in yeast cell survival by exacerbating apoptosis when exposed to low doses of H 2 O 2 . It is now understood that upon induction of apoptosis, ROS accumulation induces the translocation of Nuc1p from the mitochondria to the nucleus independent of caspases or AIF. Once inside the nucleus, Nuc1p physically interacts with the highly conserved H2B histone protein (Burhans and Weinberger, 2007) and employs its endonuclease activity to digest nuclear DNA in the absence of caspase activity (van Loo et al., 2002) . Dzierzbicki et al. (2012) have also proposed that under conditions of oxidative stress, Nuc1p may be involved in the selective degradation of damaged mitochondrial DNA copies.
EndoG also functions in mitochondrial DNA synthesis and replication and in DNA recombination (as reviewed in Büttner et al., 2007) . Furthermore, Huang et al. (2006) working on mammalian Vero cells, observed that EndoG was necessary for normal cellular proliferation since when its expression was decreased, defects in normal cell proliferation and changes in cell-cycle distribution due to a G2 arrest occurred.
Bir1p
The budding yeast Bir1p comprises three baculovirus IAP repeat (BIR) domains. The BIR domain originated in baculovirus to prevent suicide of virally infected host cells (Clem et al., 1994) . Hence, proteins containing the BIR domain are classified as anti-apoptotic. Bir1p is a subunit in the chromosomal passenger complex (CPC) also known as the Aurora kinase complex which regulates chromosome segregation and cytokinesis (Yoon and Carbon, 1999) and activates the spindle assembly checkpoint by recruiting the protein complex condensin (Ren et al., 2012) (Fig. 3) . Thus, deletion of BIR1 caused apoptotic cell death not simply by virtue of its anti-apoptotic function but rather due to its role in cell-cycle regulation (Walter et al., 2006) . This was confirmed in S. pombe cells where a pbh1 (homologue of BIR1) deletion inactivated the spindle assembly checkpoint, caused defects in DNA repair and caused the untimely destruction of the securin Pds1p resulting in the inappropriate onset of anaphase (Morishita et al., 2001; Rajagopalan and Balasubramanian, 2002; Ren et al., 2012) .
The in vivo depletion/deficiency of Bir1p in S. cerevisiae may be caused either by mutation or as a result of oxidative stress which removes Bir1p via sequestration and/or degradation mediated by the pro-apoptotic caspase-like nuclear serine protease Nma111p (Walter et al., 2006) . This results in the absence of normal anaphase and improper APC activation which results in a defective spindle assembly checkpoint. Improper APC activation causes Pds1p degradation and the subsequent liberation of the caspase-like protease Esp1p. This brings about the cleavage of the cohesin protein Mcd1p, which mediates activation of the apoptotic pathway (Fig. 2(iii) ).
Other yeast apoptogenic factors
One of the essential apoptogenic factors that are released from the mitochondria upon mitochondrial membrane permeabilisation is the apoptosis-inducing factor, Aif1p, encoded by the budding yeast gene AIF1 . Aif1p also plays a role in oxidative homeostasis. Under normal physiological conditions, it functions as an anti-apoptotic factor via its NADH oxidoreductase activity inside the mitochondria. On the other hand, in response to oxidative stress in yeast, Aif1p acts as a pro-apoptotic factor. In fact, AIF1 disrupted ( aif1) cells exposed to hydrogen peroxide or acetic acid have shown increased survival rate . Susin et al. (1999) specifically described its mammalian homologue, AIF, as a mitochondrial effector of apoptotic cell death. Moreover, in response to oxidative pro-apoptotic stimuli, budding yeast Aif1p migrates from the mitochondrial intermembrane space to the nucleus due to its additional nuclear localisation sequence where it leads to chromatin condensation and DNA fragmentation. Overexpression of Aif1p showed higher levels of yeast cell death by apoptosis particularly by inducing the release of other apoptotic molecules, such as cytochrome c, from the mitochondria to further enhance the apoptotic signal .
Apoptosis in yeast may also be mediated by ROS production generated by mitochondrial NADH dehydrogenases (Li et al., 2006) . NDE1 and NDI1 encode mitochondrial NADH dehydrogenases located external and internal to the inner membrane and facing the intermembrane space and the matrix, respectively. Ndi1p was shown to exhibit sequence similarity to the human AIF-homologous mitochondrion-associated inducer of cell death (AMID) (Li et al., 2006) . As part of their function, NDE1 and NDI1 generate ROS as a by-product which may mediate apoptosis, particularly when NDI1 is overexpressed in yeast cells with a deleted SOD2 gene (manganese superoxide dismutase) or in yeast grown on glucose medium (Li et al., 2006) . Growth on glucose features a reduction in the expression of SOD2 (Westerbeek-Marres et al., 1988) and impairs the ability of SOD2 to control ROS levels. A disruption of NDE1 and NDI1 showed a decrease in ROS production, thereby increasing the chronological lifespan (Li et al., 2006) . Furthermore, Li et al. (2006) showed that ROS produced within the mitochondrial matrix by NDI1 metabolism is more important as an apoptotic inducer than is ROS generated in the cytosol by NDE1. Apoptosis in yeast may also be directly mediated by the cleavage of the N-terminal of Ndi1p, and the translocation of the truncated protein from the mitochondria to the cytoplasm in response to stress (Cui et al., 2012) .
ROS production may lead to cell death
ROS play a critical signalling role in the cell. High levels of ROS, particularly mitochondrial ROS, act as a pro-apoptotic signal. The production of excessive ROS may be the result of checkpoint deficiency arising from mutations in checkpoint proteins or DNA replication initiation proteins. Similarly, ROS production may be enhanced by uncontrolled CDK activity which results in checkpoint abrogation, leading to the inappropriate entry of the cell into mitosis with unreplicated or damaged DNA. The resultant ROS accumulation leads to oxidative damage to macromolecules and organelles which ultimately lead to cell death.
3.2.1. Mutations in checkpoint proteins and DNA replication initiation proteins give rise to ROS generation Checkpoint deficiency may arise due to mutations in checkpoint radiation sensitive (rad) proteins and/or in proteins implicated in DNA replication initiation. In budding yeast, mutations in DNA replication initiation proteins prevent checkpoint activation due to few replication forks. This causes the inappropriate progression into mitosis and subsequently uses the signalling mechanisms dependent on the G2-M checkpoint kinases Rad9p (Watanabe et al., 2002) and Mec1p (Desany et al., 1998) . These kinases are able to arrest the cell cycle to give time for repair, but when repair is impossible they regulate the apoptotic phenotype by inducing ROS production and leading to cell death (Fig. 3) .
The origin recognition complex (ORC) is important to assemble pre-replication complexes onto chromatin during the G1-phase so as to establish DNA replication forks in the S-phase (Prasanth et al., 2004) . In orc2-1 mutant budding yeast cells, the ORC assembles few pre-replication complexes and thus establishes a below-threshold number of replication forks in Sphase (Shimada et al., 2002; Weinberger et al., 2005) . This results in the incomplete inhibition of CDK-dependent activity which in turn prevents the full activation of the DNA damage and defective replication checkpoints (Shimada et al., 2002; Tercero et al., 2003) . As a result, cells progress through S-and M-phases of the cell cycle with incompletely replicated chromosomes, thereby inducing Mec1p-dependent DNA damage, causing ROS production and Yca1p activation (Qi et al., 2003; Tercero et al., 2003; Weinberger et al., 2005) .
Also, the unrestrained cell-cycle progression in orc2-1 mutant cells due to defective checkpoints allows for the premature inactivation of replication initiation proteins such as Cdc6p. This leads to the collapse of replication forks during S-phase which once again cannot activate the intra-S checkpoint or rescue stalled forks (Weinberger et al., 2005) . Cdc6p is a mitotic CDK inhibitor which facilitates mitotic exit (Calzada et al., 2001) . Moreover, it is a component of the pre-replication complex which is important for replication initiation (Cocker et al., 1996; Detweiler and Li, 1997; Piatti et al., 1995) . In fact, CDC6 is transiently transcribed during late mitosis (Zwerschke et al., 1994) , and peaks during late G1 and S phases (Bueno and Russell, 1992) (Fig. 3) . Its expression is highly cell-cycle regulated mainly due to transcriptional controls (Zwerschke et al., 1994) as well as to its proteasomal degradation upon completion of DNA replication (Elsasser et al., 1999) . The proteasomal degradation of Cdc6p requires CDK-dependent phosphorylation at specific N-terminal and C-terminal sites which target Cdc6p for polyubiquitination (Elsasser et al., 1999) . Toyn et al. (1995) observed that late G1 cells commit themselves to an entire cell cycle independent of entry into S-phase, such that they may also carry out division of unreplicated chromatin. This occurs upon experimental depletion of Cdc6p resulting in intra-S checkpoint deficiency, since pre-replication complexes cannot be established and maintained during S-phase. As a result, budding yeast cells progress into mitosis with unreplicated chromosomes and exhibit mitotic catastrophe (Detweiler and Li, 1997; Piatti et al., 1995) , an event which leads to ROS production and cell death . Similarly, treatment of budding yeast cells with adozelesin triggered the proteasomal-dependent destruction of Cdc6p in response to lethal levels of DNA damage and the cells were committed to apoptosis. The targeted elimination of Cdc6p to commit cells to PCD was also observed in mammalian cells (Blanchard et al., 2002) .
In fission yeast, mutations in checkpoint rad proteins forbid the sensory and transducing functions of the checkpoint kinases Chk1p and Cds1p in the DDR, thus preventing them from activating the intra-S or the G2-M checkpoints. The deletion of both Chk1p and Cds1p also triggers checkpoint deficiency. Failure to activate checkpoints in response to DNA damage results in the premature entry of the cell into M-phase with unreplicated or damaged DNA. This induces ROS generation and causes mitotic catastrophe which in turn mediates programmed cell death (Marchetti et al., 2006) (Fig. 1(ii) ).
CDK dysregulation leads to ROS generation
In fission yeast, the checkpoint kinases Chk1p and Cds1p are individually sufficient to downregulate Cdc2p which is the fission yeast CDK, by phosphorylating and activating the Cdc2p inhibitor Wee1p and by inducing the increase of a second Cdc2p-inhibitor Mik1p (Boddy et al., 1998) . This activates the G2-M checkpoint avoiding the premature onset of mitosis and ROS production. On the other hand, in their simultaneous absence, Cdc2p is not downregulated and thus brings about the premature onset of mitosis, inducing ROS generation and cell death. Marchetti et al. (2006) have implied that uncontrolled CDK activity, and inappropriate entry into mitosis is the cause of ROS production and subsequent cell death. In fact, Gould and Nurse (1989) showed that a fission yeast CDK mutant, cdc2-Y15F could not be downregulated by the Cds1p-or Chk1p-dependent checkpoints. This meant that this CDK mutant was constitutively active, hence promoting the increase of ROS generation and cell death, even in the absence of any induced DNA damage.
3.2.3. The actin cytoskeleton is an ROS sensor and effects the response to oxidative stress In S. cerevisiae, as in higher organisms, ROS accumulation must be sensed by the cellular machinery such that the cell may effectively relay the signal and respond to it. A key signalling entity which senses oxidative stress and mediates PCD is the actin cytoskeleton (Farah and Amberg, 2007; Gourlay et al., 2004) . The dynamics of the filamentous actin patches, cables and the cytokinetic actomyosin ring change during the cell cycle (Mishra et al., 2014) . Any defects associated with actin's organisation and bud growth may activate the G2-M morphogenetic checkpoint mediated by Swe1p which arrests mitosis via inhibition of the CDK Cdc28p . During early interphase, actin patches present at the cell surface initially concentrate at the bud formation site and later remain in growth regions of the developing bud (Adams and Pringle, 1984; Kilmartin and Adamas, 1984) . Actin patches have been mainly implicated in endocytosis (Ayscough et al., 1997; Goode et al., 2015) . On the other hand, actin cables extend from regions of cell growth into the cytoplasm, thus extending between the mother cell and the bud (Adams and Pringle, 1984) . In fact, actin cables are mainly used as tracks for intracellular cargo transport to sites of cell extension (Bretscher, 2003; Pruyne et al., 1998) as well as to segregate organelles prior to cell division (Hill et al., 1996; Pruyne et al., 2004) . During early mitosis, a cytokinetic actomyosin ring starts assembling at the division site (Bi et al., 1998) . After completion of anaphase and at the onset of cytokinesis, the actin patches concentrate at the cell equator to promote formation of the septum (Kilmartin and Adams, 1984) and the actomyosin ring constricts via actin depolymerisation (Bi et al., 1998; Epp and Chant, 1997; Lippincott and Li, 1998; Pinto et al., 2012) . These two cellular events facilitate the division of the parent cell into two daughter cells. Hence, the dynamic nature of actin's organisation throughout the cell cycle is essential to bring about various cellular events including endocytosis, polarised cell growth, transport of intracellular cargo and cytokinesis (Moseley and Goode, 2006) .
Actin is a sensitive cytoskeletal target of cellular ROS (DalleDonne et al., 2001) , since in response to oxidative stress, its two cysteine residues occurring at 285 and 374 form an intracellular disulfide bond in budding yeast. The oxidation of these two residues is an important physiological sensor of intracellular oxidative stress which results in decreased actin dynamics (Farah and Amberg, 2007; Gourlay et al., 2004) . In addition to its sensory role in oxidative stress, oxidised and hyperstabilised actin further relays the apoptotic signal (Farah and Amberg, 2007) by increasing the accumulation of ROS (Gourlay et al., 2004) . The accumulation of ROS has also been directly linked to premature ageing. Gourlay et al. (2004) showed that deletion of the actin bundling protein Scp1p reduced ROS levels due to increased actin dynamics and thus significantly extended the longevity of yeast cells.
Conclusion
Understanding the complexity which exists in cellular life and death pathways is essential for our better understanding of the genetic and biochemical basis of malignancies in multicellular organisms since molecular components may play dual roles depending on the physiological state of the cell. However, it is still very relevant to study these pathways in unicellular organisms such as yeasts since several pathways and homologues are highly conserved amongst eukaryotes. This homology may be key to unravelling more about the fine line between life and death, particularly when taking into consideration that yeasts are more genetically amenable organisms which can be easily used as models and tools for further studies on the cell cycle, autophagy and apoptosis.
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